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ABSTRACT 
 
Gold nanoparticles (AuNPs) can be introduced into our environment through many pathways and 
applications such as biosolids, pesticides, fertilizers, soil remediation, waste from consumer 
products, or through biomedicine applications. This creates regulatory concerns, as NPs possess 
unique chemical and physical properties that can impact living systems. The use of AuNPs is 
increasing, but there are insufficient studies looking at the toxic effects on food crops and the 
environment. It has been shown that AuNPs cause biotoxicity and necrosis as they have the 
potential to be internalized in the exposed plants. There are studies indicating bioaccumulation of 
AuNPs through trophic transfers in food chains from exposed plants. There are two objectives of 
this study: to look at the real world bioavailability that occurs in heterogeneous, soil-based 
systems and to determine how different times of exposure (4, 24, 72 h) impact the expression of 
stress response genes to AuNPs using the model crop, tomato. Tomatoes were exposed to 3.5 nm 
AuNPs for increasing times, while the controls were in water. In the soil study, tissues were 
analyzed by ICP-MS to determine the uptake of AuNPs. In the genetic study, q-RT-PCR was 
used to analyze the changes in gene expression levels. The results showed that difference in soil 
characteristics does affect the plant’s uptake; agriculture soils allowed the highest level of uptake 
AuNPs. For the genetic study, the stress response genes showed changes in expression at 
different exposure times. This shows that tomatoes grown in agriculture fields have the potential 
to take up AuNPs which can cause cellular toxic effects.
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INTRODUCTION 
 It is clear that nanotechnology will become an important force in the future economy and 
remains an appealing investment for governments and industries worldwide. This is a rapidly 
emerging field that includes a variety of applications. According to the Nanotechnology 
Consumer Products Inventory, there are more than 1,600 consumer products, including but not 
limited to electronics, pharmaceuticals, cosmetics, textiles, and water treatment reagents. These 
consumer products are involved with engineered nanoparticles (ENPs) that possess unique 
chemical and physical properties at 1-100 nm scale
1
. With ENPs widespread utilization, studies 
have shown toxic effects to both environmental and human systems
2-5
. This raises concerns and 
debates as ENPs are likely to be released from these products into the environment. In the United 
States, there is currently no regulation for the utilization and release of ENPs; however the 
Environmental Protection Agency is in the process of creating a “Significant New Use Rule” as a 
nanoscale regulation. The focus of this study is an agricultural aspect, since there are several 
reviews and studies that observed the beneficial and harmful effects of ENPs translocation, 
absorption, bioaccumulation, bioavailability, and biotransformation at the physiological, 
biochemical, and genetic level in food crops
6-11
. Therefore, it is necessary to gather ENP toxicity 
data on agriculture in order to support further regulations by federal agencies. 
 The introduction of ENPs to agricultural crops is accomplished through many exposure 
pathways or applications. The primary pathway is from applying biosolids to agricultural 
lands
4,12-15
. Biosolids are known as sewage sludge and ENPs are present in this material which is 
rich in organic matter and nutrients
16,17
. Biosolids are often used to improve the fertility of 
agricultural soils as a less expensive alternative to synthetic fertilizers
12,18
. More than 60% (3.36 
million tons) of ENP biosolids is applied to the United States agricultural lands, which is over 
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than 70 million acres
19,20
. A secondary pathway is through procedures for improving crop 
production and protection while reducing the cost, including as fertilizers, pesticides, growth 
regulators, plant protectives, and soil additives
12,21,22
. So far, nanofertilizers can introduce the 
nutrients into plants through external and internal approaches
23
. Developing countries have a 
great interest in ENP agriculture because of its ability to enrich soil fertility, plant quality and 
plant quantity
24,25
; this can help diminish hunger, malnutrition, and child mortality
26
. For ENP 
exposure to plants, the third pathway is through soil remediation
22,27
. For example, studies have 
shown that nanozero-valent iron (nZVI) and nano-Fe2O3 was effective for soil remediation of 
organic and inorganic pollutants
28-31
. The effects of these ENP soil remediation technologies is 
currently unknown; however, their interactions with plants and the impacts that they have will be 
dependent on the plant species being exposed, the particular nanoparticle being used, and the 
place where the plants are exposed to the ENPs
11
. Besides the three main pathways for ENP 
exposures to plants, there are additional routes including spillage, atmospheric deposition, and 
discharge surface runoff
13,32,33
. Overall, Fig. 1 shows an overview of pathways that ENP can 
enter into agricultural soil systems through many applications depending on the life-cycle of the 
product
27
. 
 Regarding the environmental behavior and risks of ENPs, there have been many studies 
from investigators that focused on hydroponic exposures or aqueous solutions due to their 
homogenous form, simple composition, and controlled water conditions
34
. Hydroponic exposures 
are fast procedures and are easy to manage when observing the effects of ENPs on plants. 
However, it is highly important to focus on the behavior and risks of ENPs on soil-based systems 
where they are interacting with the real environment. So far, there are few ENP soil studies that 
show the biotransformation and the physiological and biochemical toxic effects in plants. For 
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instance, there was a reduction on wheat root length and an indication of oxidative stress in the 
roots and shoots from the exposures of CuO (<50 nm) and ZnO (<100 nm) NPs in sandy soil
35,36
. 
In a sand matrix, Ag NPs (10 nm) decreased the length of the wheat’s shoots and roots37 and was 
trapped in the intra and extracellular compartments of lettuce leaves
38
. Numerous agricultural 
crops with different ENP exposures were grown in dissimilar soil-based systems, which resulted 
in a reduction of biomass. These studies are as follows: 1) ZnO (40 nm) and wheat in field soil
39
, 
2) ZnO (10 nm) and soybean in organic farm soil
40
, 3) TiO2 (40 nm) and wheat in field soil
39
, 4) 
CeO2 (10 nm) and soybean in organic farm soil
40
 and 5) CeO2 (<50 nm) and soybean in 
Organization for Economic Cooperation and Development (OECD) soil
41
. Referring the 
biochemical toxic effects, a study has shown inhibited changes in soil enzyme activities, 
involving protease, catalase, and peroxidase from the presence of TiO2 and CeO2 (40 nm) NPs, 
when wheat was grown in field soils
39
.  A reduction of chlorophyll content, a disturbed 
antioxidative enzyme activity, and an increased oxidative stress were shown in green peas when 
grown in potting soil with exposures of CeO2 (10 nm)
42
. Furthermore, not only plants are being 
affected by these ENP treatments, the ecological neighbors, fungi and microbial community, are 
also being affected in the soil. The microbial community composition in biosolids was 
significantly different from the controls and there was a reduction of peptidase and phosphatase 
activities and a 35% reduction of microbial biomass
20. Arbuscular mycorrhizal fungi and plant’s 
roots have a mutualistic symbiotic relationship and are being affected, showing a 34% decline in 
clover biomass when exposed to Fe2O3 and Ag NPs and grown in sand soil
43
. In soil, the relative 
abundances of microbial groups with tomatoes were altered by exposure of multi-walled carbon 
nanotubes, but did not affect the microbial community diversity
44
. It is evident from these studies 
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that ENPs can influence plant agronomic and biochemical traits, symbiotic microbial and fungi 
interactions, as well as soil quality. 
Studying and assessing the fate and behavior of ENPs, the trophic transfer of ENPs is a 
very noteworthy topic since it is the most poorly understood phenomena. There are many studies 
that observed trophic transfer of ENPs to invertebrates and microscopic organisms in aquatic 
systems
45-49
. There are only three studies that observed the trophic transfer of gold NPs (AuNPs) 
between plants and primary consumers. These studies are from the same research group. A 
preliminary study from Unrine et al.
50
 showed the first bioavailability evidence of AuNPs (20 
and 55 nm) from soil to detritivores (Eisenia fetida). Unrine et al.
50
 also have partial evidence 
that AuNPs can cause adverse effects on earthworm reproduction. The first terrestrial trophic 
transfer study used a model producer, tobacco (Nicotiana tabacum L. cv Xanthi) and a model 
consumer, tobacco hornworm (Manduca sexta). They found evidence on biomagnification and 
trophic transfer with the factors of 6.2, 11.6, and 9.6 for the 5, 10, and 15 nm AuNP treatments. 
This demonstrates a potential direct transfer of ENPs from primary producers to primary 
consumers in hydroponic exposures
51
. Judy et al.
52
 in the second study observed the effects of 
AuNPs (12 nm) on surface contaminated tobacco leaves, which were fed to tobacco hornworms. 
This demonstrated a biomagnification of 0.16, which is lower than the first study. Overall, this 
shows that ENPs from soil, contaminated leaf tissues by wind, water, or mechanical 
disturbances, have a potential trophic transfer to primary consumers
52
. The third study shows the 
potential trophic transfer from contaminated AuNP soils to primary consumers and then to 
secondary consumers. Unrine et al.
53 
used earthworms (Eisenia fetida) again as primary 
consumers and bullfrogs (Rana catesbenia) as the secondary consumers. Results showed that 
there was a 100-fold reduction of biomagnification in AuNPs upon transfer to each trophic level. 
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These findings conclude that there is bioavailability of NPs to higher order consumers. Thus, 
humans have the potential to be exposed to these ENPs through dietetic uptake
53
. 
 As of now, there are only three papers on genotoxicity from the impacts of ENP exposure 
in plants. At first, there was evidence on genotoxicity in mammalian cells, bacteria, and mice 
from TiO2 ENP exposure
54
. Atha et al.
55
 reported the first plant genotoxicity study and found that 
copper oxide NPs caused oxidative DNA damage to point mutations and altered gene expression 
in soybean and radish tissues. The Landa et al.
56
 study was on the exposure of ZnO, fullerene 
soot, and TiO2 NPs in Arabidopsis thaliana. The preceding list of NPs gene expression results 
from microarray analysis are as follows: 660 up- and 826 down-regulated genes, 232 up- and 189 
down-regulated genes, and 80 up- and 74 down-regulated genes, respectively
56
. Recently, Kaveh 
et al.
57
 also did a microarray analysis in Arabidopsis thaliana with the exposures of Ag NPs. 
They found that 286 genes were up-regulated and 81 genes were down-regulated
57
. According to 
Wang et al.’s10 viewpoint article on genotoxicity, they pointed out that ENP exposures could 
cause genetic changes that can be cumulative throughout biotic life cycles and perhaps enhanced 
the impact of other carcinogens on genes. In addition, the previous statement could apply to 
humans and could have adverse effects in their somatic or germ cells, which can lead to birth 
defects and genetic disorders. However, there is currently no sufficient evidence to support this 
phenomenon. Not only humans are in danger from potential ENP genotoxicity, risks are also 
present at the ecosystem levels since Unrine et al.
50,53
 and Judy et al.
51,52
 studies show the 
potential transfer and bioavailability of ENPs through food chains. Furthermore, Wang et al.
10
 
made a diagram in their viewpoint article on potential genotoxicity when exposed to ENPs that 
people should be aware of (Fig. 2). 
 AuNPs are becoming economically lucrative and have been investigated extensively 
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since they are being used for many applications in biomedicine to treat rheumatic diseases
58,59
 
and in pharmaceuticals
60
. They are also being proposed to act as biosensors of pesticides
61
 and 
bioconjugates to purify contaminated waters
62
. Our past work has shown the tracking of 
biodistribution of AuNPs (3.5 nm) as they enter from the roots and then are moved into the 
vasculature in tobacco plants by using microspectroscopy and high-resolution transmission 
electron microscopy. Evidence was also found that AuNPs (3.5 nm) causes biotoxicity and 
necrosis as they have the potential to be internalized by crossing the cell wall and membranes
63
. 
The applications and proposed applications that are involved with AuNPs are noteworthy 
because they can end up in the environment through wastewater and direct applications, 
especially in agricultural areas. For this study, we selected AuNPs as our model nanomaterial for 
the same reason as the trophic transfer studies from Unrine et al.
50,53
 and Judy et al.
51,52
. Au is 
well-known in biological systems as a probe of particle specific uptake from cells to food 
webs
46,64
. The importance of Au is that it is 1) very resistant to oxidative dissolution, 2) insoluble 
in ambient conditions
65
, 3) changeable to surface modification, and 4) freely detectable for using 
analytical and imaging techniques
46,64
. Here, there are two objectives of this study: 1) to look at 
the bioavailability of AuNPs by using different types of soil that originated in the State of New 
York and 2) to determine how different time exposures impact the expression of stress response 
genes to AuNPs (3.5 nm) by using the model crop, tomato. For the first objective, we 
hypothesized that different soil types will impact the bioavailability of AuNPs due to their 
different loams and characteristics. For the second objective, we hypothesized that different 
stress response genes will show changes in expression at different times of exposure, and that 
this will help us to understand the actual cellular impact of the NPs. This study has provided 
evidence on the bioavailability that occurs in real world soil-based systems and genotoxicity in 
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tomato plants, which may lead to risks in toxicity and trophic transfers from the exposure of 
AuNPs. 
 
MATERIALS AND METHODS 
AuNPs synthesis and characterization 
 AuNPs were supplied by Dr. C. Murphy from University of Illinois, Urbana-Champaign, 
IL. AuNPs were characterized and were made using well-known protocols
66-69
. For this study, 
AuNPs (3.5 nm, 60 ppm, citrate capped solution) were used, and were synthesized and 
characterized as the same as our previous work
63
. 
 
Plant growth and treatments to AuNPs 
Soil Study:  
Tomato Brandywine Lycopersicon esculentum (Park Seed Whole Sale, Inc., Greenwood, 
SC) seeds were grown on a wet paper-towel in a small petri dish that was foil wrapped for 5 
days. Another set of seeds were grown on Pro-Mix BX in a growth chamber of 55% humidity, 
75ºF, and a photoperiod of 14:10 h for three weeks.  All seedlings were then transferred and 
separated onto 3 different types of soil and a set in ½ strength hydroponic solution (Hoagland 
modified basal salt mixture – PhytoTechnology Laboratories, Shawnee Mission, KS).  
The soils were collected from different areas of New York State. The first soil is called 
Phelps, which has a well-drained sandy loam of 61.1% sand, 15.5% clay, and 23.3% silt and 
originated at 43º4’18”N, 77º8’11”W near Wayne County, New York. The second soil is called 
Lamson, which has a poorly, drained, loamy sand of 69.5% sand, 9.7% clay, and 20.9% silt and 
originated at 43 º11’42”N, 76 º20’28”W near Onondaga County, New York. For further 
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information on the descriptions of these 2 soils, see the USDA soil series website 
(https://soilseries.sc.egov.usda.gov/). The third soil was collected from farmland at 
43º1’43.19”N, 76º17’13.33”W in Syracuse, NY. This particular agricultural soil has 34.0% sand, 
21.3% clay, and 44.8% silt, which is considered as a loam soil. Fig. 3 was used as a guide for 
textural classification from the U.S. Department of Agriculture, Bureau of Plant Industry, Soils, 
and Agricultural Engineering
70
. 
Each of the soils (50 g of each type) and ½ strength hydroponic solutions (50 ml) were 
mixed thoroughly and were added into 50 ml VWR Falcon, centrifuge tubes. The tomatoes were 
grown at environmental conditions in a growth chamber for 4 weeks until an average height of 
6.5 cm was reached. The time exposure for both control and experimental plants were 1 day and 
5 days. Five experimental replicas and controls were used for each type of soil and hydroponics 
for a total of 15 plants for each growing medium. Prior 1 day to exposure, the hydroponic plants 
were transferred to tap water. All experimental plants received 10 ml of AuNPs, while the 
control plants received 10 ml of water. At each time exposure, the tomatoes were harvested by 
tissue type (stem & leaves and roots). Under hydroponics, the plants were additionally separated 
into stem above solution level, below solution level, and roots. All tissues and soil were dried at 
40ºC for five days. The remaining hydroponic solutions were diluted to 50 ml. 
Genetic Study: 
 The tomato plants were first grown on Pro-Mix BX for three weeks and then were 
transferred and grown in 10 ml Fisherbrand vials filled with half-strength hydroponic solutions 
for one week. One day prior to exposure, plants were transferred to water. Tomatoes were 
exposed to 9 ml of AuNPs, while the control plants were exposed to 9 ml of water. The exposure 
times were 4 h, 24 h, and 72 h. For each time point, there were 3 experimental replica plants and 
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3 control replica plants. The tomatoes were harvested at each time point and at each tissue type 
(leaves and roots). Then the tissues were stored in the -80 ºC freezer. 
 
Inductively Coupled Mass Spectrometry (ICP-MS) analysis 
 All weighed dry tissues were added to 3 ml of hydrochloric acid (HCl) and 1 ml of nitric 
acid (HNO3) and digested in 50 ml round bottom DigiTubes using the DigiPREP MS (SCP 
Science, Quebec, Canada) at 115ºC for 45 m. The soil and hydroponic samples were digested 
with 10 ml HNO3 and 12 ml HCl for 2.25 h at 115ºC. For each sample set, reagent blanks and the 
original 3.5 AuNP solution were also included. All digested samples were water diluted to 50 ml 
and were analyzed by ICP-MS to determine gold mass. For better ICP-MS analysis and quality 
and internal standardization, 8% aqua regia matrix with known Au concentration standards were 
included. ICP-MS analysis was performed at the Connecticut Agricultural Station, New Haven, 
CT and State University of New York College of Environmental Science and Forestry, Syracuse, 
NY. 
 
Quantitative real-time reverse-transcription PCR analysis 
 The leaves and roots were separately grinded into powder using a mortar and pestle with 
liquid nitrogen.  About 60 mg of powder tissue from each of the leaves and roots for all replicas 
from each time point were used for RNA extractions using the Bio-Rad aurum
TM
 total RNA mini 
kit. The 1 µg of RNA for all samples were transcribed to cDNA using the Bio-Rad iScript
TM
 
cDNA synthesis kit. Nucleic acids were quantified by the Nanodrop 1000 3.7 (Thermo Fisher 
Scientific, Inc., Wilmington, DE). Prior to this whole study, microarray analysis was done on 
tomatoes exposed with 3.5 nm AuNPs and tomatoes without exposures. This procedure was done 
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previously under the L. A. Newman laboratory (L. A. Newman, personal communication for 
further analysis). Four genes from the analysis were selected that showed a ≥1.5-fold change in 
gene expression (Table 1). The q-RT-PCR procedure was done to validate the microarray 
results. Probes and primers for the experimental genes and a reference gene (ACT) were selected 
according to the online Sol Genomics Network and GenBank. The primer sequences, primer 
efficiencies, and product lengths of the four genes are shown in Table 2. Bio-Rad CFX 
connect
TM 
Real-Time PCR was performed to quantify gene expression levels at a melting 
temperature of 45-65 ºC, depending on primers, after 40 cycles. The Bio-Rad SsoAdvanced
TM
 
universal SYBR green supermix was included for q-RT-PCR reactions. To determine the fold-
change of normalized expression (ΔΔCq) results, the Pfaffl method was used (Calculation 1)72.  
 
Statistical Analysis 
 Data were subjected to the Student t-test assuming for unpaired samples and unequal 
variance. The significance levels were assigned to the following rating scale: *P<0.05; **P<0.01; 
***P<0.001. 
 
RESULTS 
Soil Study 
 Soil vs. Hydroponics: The soil method set up is shown that tomatoes were grown in 
VWR Falcon, tubes (Fig. 4A).  Tomato plants in hydroponics that were exposed to 3.5 nm 
AuNPs for 1 or 5 days had significantly greater accumulation of Au in the stem, leaves (Fig. 4B) 
and in the roots compared to soil grown plants (Fig. 4C). The roots had more AuNPs than stem 
and leaves for both the hydroponics and soil tests (Fig. 4B&C). At day 1, there was more 
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accumulation of Au in the stem below solution level than stem and leaves above solution level 
(Fig. 4D). There was no significance difference between day 1 and day 5 exposures for all tissue 
types in hydroponics and soil (Fig. 4B, C, D). 
 Comparing Soil Types: Tomato plants grown in agricultural soil had more uptake of 
AuNPs in stems and leaves at day 1 than Phelps and Lamson. There was no significant 
difference of AuNP uptake in the stems and leaves between Phelps and Lamson. Plants that were 
grown in agricultural soil had less accumulation of AuNPs at day 5 than that of day 1, even 
though there was more up take of AuNPs in agricultural soil compared to other types of soil, day 
5  (Fig. 5A). Tomato plants grown on agriculture soil had significantly greater accumulation of 
AuNPs in the roots than Phelps and Lamson. The roots had more binding of AuNPs in Lamson 
than Phelps. There was a significant different between day 1 and day 5 exposures. Day 5 
exposures had more uptake of AuNPs in the roots grown on Phelps and Lamson than day 1 
exposures (Fig. 5B). 
 
Genetic Study 
 Actin (ACT) – reference gene: There were no differences of Cq (Quantification Cycle) 
between the tomato plants that were exposed to 3.5 nm AuNPs relative to the controls in the 
leaves and roots at 4 h, 24, and 72 h (Fig. 6A&B). This confirms that actin (ACT) is an 
acceptable reference gene for normalized expression (ΔΔCq). 
DNA-binding proteins (DB): Tomato plants that were exposed to 3.5 nm AuNPs had 
significant +1.50 fold changes in gene expression relative to the controls in the leaves at 4 h, 24 
h, and 72 h. The exposed leaves remained at a constant level of up-regulation over time. In the 
exposed roots, there were approximately +1.45 fold changes at 24 h and 72 h relative to the 
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controls and no change at 4 h. There was an increased in expression in the roots from 4 h to 24 h 
and this remained up-regulated at the same level from 24 h to 72 h (Fig. 7A). 
 9-cis-expoxycarotenoid dioxygenase (E ): Relative to the controls, the exposed leaves had 
+1.75 and +2.15 fold changes at 4 h and 72 h. Over time, expression in the leaves significantly 
increased at 4 hr, went down at 24 hr, and went back up to the same level as 4 h at 72 h. The 
exposed roots had a -0.67 fold change at 4 hr only and remain unchanged in gene expression at 
24 h and 72 h (Fig. 7B). 
 Mitogen-activated protein kinase (MAP): At 4 h and 24 h, there was no difference in 
gene expression in the exposed leaves and roots, while there were significant differences of 
+2.17 and +1.60 at 72 h for both leaves and roots relative to the controls. Over time, there was an 
up-regulation in the leaves and no change in the roots from 24 h to 72 h (Fig. 7C). 
 Protein Kinase (PK): Relative to the controls, there were +1.73, +1.18, and +1.40 fold 
changes in the roots at 24 h and 72 h and in the leaves at 72 h. At 4 h, there was no difference in 
expression for the leaves and roots. From 4 h to 24 h, the leaves were up-regulated and remained 
at the same level of up-regulation from 24 h to 72 h. The exposed roots increased in gene 
expression from 4 h to 24 h, then decreased from 24 h to 72 h (Fig. 7D). 
 Microarray analysis: Table 2 lists the fold changes from microarray and q-RT-PCR 
analysis on the 4 selected genes at 72 h exposure to AuNPs. Both data showed up-regulations in 
expression of the analyzed genes following AuNP exposures. The microarray work was done in 
the previous years under the L. A. Newman laboratory (L. A. Newman, personal communication 
for further analysis).  
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DISCUSSION 
 In general, past research addresses the physiological and biochemical toxic effects on 
plants when exposed to ENPs at short and long terms in hydroponic solutions and homogenous 
soil. Here, we present the fate and transport of AuNPs that occurs in real world soil-based 
systems and the genotoxicity in tomato plants. There are previous studies on the toxicity of these 
ENPs in hydroponic solutions
34
 and artificial porous mediums such as glass beads and 
homogeneous quartz in column experiments
73-77
.  It is very important to understand the 
bioavailability of ENPs in plants when they have the potential to go through exposure pathways 
in naturally occurring soil-based systems and at actual agricultural sites as ENPs are being 
applied as fertilizers and pesticides
12, 21,22
. There are few studies on the genetic impacts on plants 
when exposed to ENPs and it is very important to understand the cellular responses. 
 From this study, the first hypothesis was supported since different soil types do impact 
the bioavailability of AuNPs due to their different compositions and characteristics. Our results 
showed that soil does diminish the uptake of AuNPs within the tomatoes when compared to 
hydroponic solutions. Also it was shown that agricultural soil produces greater bioavailability of 
AuNPs in plant tissue than Phelps and Lamson. This shows the potential of bioaccumulation 
through tropic transfers. There are many studies on the transport behavior of ENPs and their 
physical and chemical conditions in soils. Thio et al.
78
 has shown that AgNPs that contains 
organic surface-coats and humic acid substances from natural waters assists their transport in the 
soil. It was clarified that humic acid and the removal of residual chlorides in solution present in 
soils does increase the mobility of AgNPs
79
. Sagee et al.
79
 also found that porosity is important 
since AgNPs have the ability to transport through soil in the presence of larger soil aggregates. 
Organic matter plays a significant role on the fate and behavior of ENPs in soils. From previous 
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studies, it has been shown that organic matter and dissolved organic carbon stabilizes the ENPs 
against deposition and aggregation in soil, thus this increases their mobility
80-83
. This correlates 
to this study since agricultural soil has high contents of organic matter in order to improve food 
crop production. Heteroaggregation soils forms deposition and enhances straining of AgNPs. 
This means that AgNPs interactions with colloids in the soil limit their transport
82,83
. Factors like 
the increase of water velocity, sand grain size and decrease in ionic strength solution enhances 
the transport of AgNPS
82, 84
. Lastly, another limiting factor of mobility and deposition is the 
difference of charges in ENPs and soil metal contents. For instance, negatively charged AgNPs 
interacts with positively charged aluminum on large soil aggregates, which strains the mobility 
of AgNPs in the soil
83
. There is a possibility that AuNPs may have the same fate and transport 
behavior as AgNPs as Au and Ag are both transition metals. The physiochemical conditions of 
soil and ENPs play an important role in understanding the fate and bioavailability of ENPs when 
they are exposed to the ecosystem.  
 In our study, the roots had larger accumulations of AuNPs than the stem and leaves for 
both soil and hydroponic conditions. In hydroponics, we also saw that there was a lower 
accumulation of AuNPs in the above water surface shoots than the below water surface shoots. 
This may be due to the “filtering effect” as what Koelmel et al.85 suggested. From their studies, 
they observed the charge differences (positive (+), neutral (0), and negative (-)) on AuNPs of rice 
in hydroponic solutions. They investigated the accumulation and organ level distribution of 
AuNPs in rice. They concluded that from (+) to (0) and then to (-) charges, there was an increase 
accumulation in the shoots, while there was a decrease accumulation in the roots at 5 day short-
term exposures. At 3 month long term exposures, there was an increase on both the shoots and 
roots from (+) to (0) and then to (-) charges
85
. In contrast to this study, the AuNPs used were 
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negatively charged and it was shown that there was an increase accumulation of AuNPs in the 
roots compared to the shoots in hydroponics at 5-day exposure, while Koelmel et al.
86’s study 
saw a decrease of Au accumulation in the roots. This result can be due to using different plant 
species. Koelmel et al.
85
 used rice, a monocot plant, although in this study, tomato was used and 
is a dicot plant. It has been reported that monocot plants like ryegrass can take up AuNPs into the 
shoots, whereas dicot plants such as radish and pumpkin cannot after a 5-day exposure
86
. 
Overall, charged ENPs and different plant species play a role on the bioavailability and 
accumulation of ENPs in plants. 
 The microarray analysis has been validated from this study’s q-RT-PCR (Table 3), which 
means that stress response genes have shown changes in gene expression. The values of the fold 
changes are higher from the microarray than the q-RT-PCR due to the different methods and the 
sensitivities of each instrument
87
. The second hypothesis for this study was supported for four 
selected stress response genes, which showed fold changes in expression at short-term times of 
exposure. This clarifies Wang et al.’s10 viewpoint on genotoxicity. They suggested that ENP 
exposures could cause gene expression changes that can be cumulative throughout biotic life 
cycles and perhaps enhanced the impact of other carcinogens on DNA. Since this study resulted 
in significant changes in gene expression, the AuNP exposures have potential to cause toxic 
effects in tomatoes. Further work should be conducted as these toxic effects can apply to humans 
as they consume these treated agricultural plants. This could conceivably cause adverse effects in 
their somatic or germ cells, birth defects, or genetic disorders according to Wang et al.
10
. There is 
a need for research on animals that eat these food crops that were exposed to ENPs in order to 
know if they will have the adverse effects shown in these plants over long term exposures. Risks 
are also present at the ecosystem levels since Unrine et al.
50,53
 and Judy et al.
51,52
 have 
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noteworthy studies that show the potential transfer and bioavailability of ENPs through food 
chains. According to our hydroponic and soil studies, there was no difference of the 
accumulation of Au in plant tissues when compared to day 1 and day 5 exposures. This suggests 
that short-term exposures do not affect the tomatoes through physiological terms, while short-
term exposures show stress responses on genotoxicity according to the q-RT-PCR results. 
 
CONCLUSION 
The main goal was to research tomato plants for the understanding of the system-level 
and the genetic effects when exposed to AuNPs. This study is the first one to report on the 
understanding of fate and transport of AuNPs in plants that occurred in heterogeneous, soil-based 
systems that were originated from New York State and looked at the genetic toxic effects in plant 
tissues at short-term exposures. Our results showed that high loam soil inhibits the uptake of 
AuNPs more than sandy soil. Unexpectedly, agriculture soil had the highest AuNP 
bioavailability, which highlights the potential of trophic transfers in food chains when crop 
plants are treated with nanomaterials. For the genetic study, the stress response genes showed 
changes in gene expression in the tomato leaves and roots at short-term time exposures. This 
suggests AuNPs could cause deteriorations in major cellular processes. Overall, this concludes 
that tomatoes grown in agriculture fields have the potential to take up AuNPs that can cause 
toxic effects in their cells and can possibly have the same effect along the food chain. For further 
study, there are two important needs: 1) to observe the physical and chemical interactions 
between ENPs and soil in further detail and, 2) to determine if animals along the food chains will 
show the same effect of genetic toxicity when they consume exposed plants. 
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APPENDICES 
 
 
 
 
Figure 1: This diagram shows the pathways of ENP exposures to agricultural soil-based 
systems
27
. These ENPs can enter through wastewater treatment, soil remediation, and can be 
deposited on soils from the atmosphere. 
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Figure 2: This diagram shows the potential of genotoxicity from the exposure of ENPs
10
. Note 
there is no sufficient evidence on this phenomenon. 
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Figure 3: This guide for textural classification from the U.S. Department of Agriculture, Bureau 
of Plant Industry, Soils, and Agricultural Engineering shows all three types of soil used in this 
study: 1) Phelps – clay loam, 2) Lamson – sandy loam, and 3) Agricultural – loam70. 
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Figure 4:  Comparing tomato plants that were grown in soil versus plants grown in hydroponics. 
All types of soil (Phelps, Lamson, and Agriculture) were averaged together and compared to the 
hydroponic solutions. Tomatoes were exposed to 3.5 nm of AuNPs for day 1 and day 5 
exposures. The controls were treated with water. Panel A: Average amount of mg AuNPs per 
stem and leaf tissues with comparison of soil and hydroponics, Panel B: Average amount of mg 
AuNPs per root tissues with comparison of soil and hydroponics, Panel C: A picture of the soil 
method set up, Panel D: This shows the comparison of tissues types in hydroponics including the 
average amount of mg AuNPS per tissue type: stem and leaves above solution, stem below 
solution, and roots. All bars are mean values ± SE. P values of **<0.01 and ***<0.001 shows 
the significance of the effect of AuNP exposure. Comparison of tomatoes grown in soil and 
hydroponics showed statistically accumulation of AuNPs. 
27 
 
 
 
Figure 5: Bioavailability of AuNPs associated with tomato tissues on 3 types of soil: Phelps, 
Lamson, and Agriculture. Tomatoes were exposed to 3.5 nm of AuNPs at day 1 and day 5 
exposures. The controls were treated with water. Panel A: Average amount of mg AuNPs per 
stem and leaf tissues for comparing between soil types, Panel B: Average amount of mg AuNPs 
per root tissues for comparing between soil types. All bars are mean values ± SE. P values of 
**<0.01 and ***<0.001 shows the significance of the effect of AuNP exposure. Comparison of 
tomatoes grown in different soil types showed statistically significant accumulations of AuNPs. 
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Figure 6: The Cq (Quantification Cycle) of the reference gene, Actin (ACT) at 4 h, 24 h, and 72 
h.  Tomato plants were exposed to AuNPs, while the controls were exposed to water. Panel A: 
Average Cq in the leaves for ACT gene when comparing different time exposures. Panel B: 
Average Cq in the roots for ACT gene when comparing different time exposures. All bars are 
mean values ± SE. There were no significant P-values from the effect of AuNP exposure. 
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Figure 7: The levels of gene expression for DB, E, MAP, and PK genes in tomato leaves and 
roots when exposed to AuNPs. Tomatoes were exposed to 3.5 nm AuNPs at 4 h, 24 h, and 72 h, 
while the controls were exposed to water. All gene expressions were normalized to the reference 
gene, ACT, for analysis and the Pfaffl method was used for calculation
74
. Panel A: Average 
relative normalized expression (ΔΔCq) for DB gene in the leaves and roots when comparing 
different time exposures. Panel B: Average relative normalized expression (ΔΔCq) for E gene in 
the leaves and roots when comparing time exposures. Panel C: Average relative normalized 
expression (ΔΔCq) for MAP, Panel D: Average relative normalized expression (ΔΔCq) for PK. 
All bars are mean values ± SE. P values of *<0.05 **<0.01 and ***<0.001 shows the 
significance of the effect of AuNP exposure. The leaves and roots showed statistically significant 
fold-changes and regulations in expression when exposed to AuNPs at the four selected genes. 
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Table 1: The list of the four selected genes for q-RT-PCR and their functions. 
 
Name Function 
Reference Gene: Actin (ACT) 
Forms microfilaments (cell cytokinesis, motility, 
signaling) 
DNA-binding proteins (DB) Interacts the major groove of β-DNA 
9-cis-epoxycarotenoid dioxygenase (E ) Involves in the cleavage of carotenoids 
Mitogen-activated protein kinase (MAP) 
Regulates proliferation, mitosis, cell survival, and 
apoptosis 
Protein Kinase (PK) Phosphorylation 
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Table 2: The list of primer sequences used in q-RT-PCR analysis for tomato quantification. 
 
Name 
Accession 
Number Primer Sequence 
Primer Efficiency 
(%) 
Amplicon length 
(bp) References/Probes 
ACT  TC194780 
GAAATAGCATAAGATGGCAGACG Leaves: 92.60 
159 [71] ATACCCACCATCACACCAGTAT Roots: 99.75 
DB XM_004241473 
TTAATAAGTCAAGAGAGAA Leaves: 98.03 
89 
Microarray: 
LesAffx.56221.1.S1_at CATTGAAAACATAGGAAC Roots: 86.61 
E NM_001247526 
CTCAAAAATCAACATAATAG Leaves: 90.01 
78 Microarray: Les.91.1.S1_at TTTAGGAAAATGAAGTATAG Roots: 72.53 
MAP XM_004239725 
CAAAAATGTTAAATGATCC Leaves: 103.85 
71 Microarray: Les.3699.1.S1_at TGAAGGTATGTGTATAATAA Roots: 111.91 
PK NM_001278974 
AGATTTATAGGAAGATAAAG Leaves: 107.90 
87 
Microarray: 
LesAffx.67629.1.S1_at CAAGGATTTTAGAAAGTAAT Roots: 103.76 
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Table 3: Validation of fold change profile by q-RT-PCR for comparing microarray 
results on four selected genes. 
Name 
Time 
Exposure Tissues 
Microarray fold 
change 
q-RT-PCR fold change ± 
SD 
     DB 72 h Leaves 52 1.54 ± 0.26 
     E 72 h Roots 10.73 1.16 ± 0.23 
     MAP 72 h Leaves 2.58 2.17 ± 0.36 
     PK 72 h Leaves 14.06 1.40 ± 0.27 
          
 
 
 
 
Calculation 1: The Pfaffl method
72
 was used to determine the fold-change of normalized 
expression (ΔΔCq) results for q-RT-PCR analysis. 
 
      
       
                    
          
                    
 
 
 
